and Nd:YAG (1064 nm, 532 nm, 355 nm, 5 ns) lasers were used to ablate a polycrystalline Si target in a background pressure of <10 −4 Pa. Si films were deposited on Si and GaAs substrates at room temperature. The surface morphology of the films was characterized using scanning electron microscopy (SEM) and atomic force microscopy (AFM). Round droplets from 20 nm to 5 µm were detected on the deposited films. Raman Spectroscopy indicated that the micron-sized droplets were crystalline and the films were amorphous. The dependence of the properties of the films on laser wavelengths and fluence is discussed.
wavelength and fluence determine the ablation/the onset of plasma formation, thus govern the production of large particulates as well as nano-sized clusters. Si nanoclusters with radii between 5-25 nm have been deposited at 0.5 J/cm 2 in high vacuum using a femtosecond (fs) laser [16] , while particles with a size from 2 nm to >20 nm were deposited using a picosecond (ps) laser in vacuum [13] . For a nanosecond (ns) laser, even smaller particles have been obtained: 2-5 nm, but only in the presence of a background medium such as liquid [5] and background gases [9, 15, [17] [18] [19] . The density of the medium affects the momentum transfer; cooling rate, spatial and energy distribution of plasma plume. On the other hand, the laser wavelength has also been proposed to affect the size of nanocrystallite, causing a shift in the peak photoluminescence energy [18, 20] . The correlations of these fundamental parameters for deposition of Si films or synthesis of nanoparticles, although important for both fundamental understanding and technology applications, are still far from completely understood.
In this work, we performed ns pulsed-laser deposition of Si in vacuum, with the aim to address the effects of laser wavelength and fluence on the film morphology, and formation of micron and nano-sized Si droplets.
Experimental
A KrF excimer laser (248 nm, 25 ns) and a Nd-YAG laser (1064 nm, 532 nm, 355 nm, 5 ns) were used for the ablation and deposition (10 Hz repetition rate, 18000 pulses) from a polycrystalline Si (sputtering) target (Kurt J. Lesker, undoped, 99.999% Si). The laser beam of 248 nm was imaged by using a slit and focusing lens to obtain a homogeneous beam on the target, and beam size was 0.009 cm 2 . For 355 nm, 532 nm and 1064 nm, the laser beams were focus to a spot size of 0.003 cm 2 . The laser beam was incident at an angle of 45 o and the laser fluence was varied in the range of 1.5-6 J/cm 2 . Si (100) and GaAs (100) substrates were placed 45 mm from the target. Depositions were performed at room temperature with a background pressure of <10 −4 Pa. The thickness of the films was obtained by using ellipsometry and a shadow mask method. The step created using the mask was measured using a white light interferometric microscope (Zygo) and a profilometer (Veeco Dektak Profiler). The films' morphology was characterized using scanning electron microscopy (SEM, Zeiss Ultra, Hitachi S5500), atomic force microscopy (AFM, Digital Instrument) and Raman spectroscopy (Horiba HR800UV, 633 nm, incident power = 8.5 mW).
Results and discussion
Micron and nano-sized droplets were found on the films deposited at high fluence and long laser wavelengths. Figure 1 shows the SEM image of a sample deposited by using 532 nm laser where a large droplet was surrounded by smaller droplets of diameter <100 nm. The inset shows the cross section of the film of about 120 nm. The film has a broad peak in the Raman spectrum centered at around 485 cm −1 , indicating that it is amorphous. A sharp peak at 522 cm −1 on a broad background was obtained by positioning the Raman probe beam onto a large micron-sized droplet; indicating that the droplet is crystalline (Fig. 2 ). This has also been observed by others [2, 3] . Table 1 shows the properties of Si films deposited on Si substrates at 3 J/cm 2 for different laser wavelengths. The Si film deposited at 248 nm was relatively thin as compared to films deposited at other laser wavelengths despite the larger beam size which should have resulted in smaller angular distribution of the ablated materials. The effective power density (3.8 × 10 7 W/cm 2 ) was one order of magnitude lower than other wavelengths (3.2-4.1 × 10 8 W/cm 2 ) because of Raman spectra on a micron-sized droplet as compared to a spectrum obtained at an area without large droplets higher reflection and longer pulse duration at 248 nm. Thus, the power density could be below the threshold for high density plasma formation. For deposition using NdYAG laser, it was observed that the growth rate was lowest when longer wavelength laser was used. The average roughness R a , obtained on a droplet-free area, was in the range of 0.11 nm on silicon substrate and 0.12 on the GaAs, slightly higher than the bare substrates. The morphology of the films is shown in Fig. 3 .
While the large micron-sized droplets were crystalline (Fig. 1) , the nano-sized droplets were most likely amorphous, unlike the nanocrystallites deposited by using a picoseconds 355 nm laser at room temperature, vacuum and similar fluence [8] . In the report, nanocrystallites with an average size of 1.5 nm gave a Raman peak at 500 cm −1 with full width half maximum of ∼30 cm −1 , which was absent in our films. The mean diameter of our nano-sized droplets obtained here varied from 30 to 60 nm and the height increased with laser wavelength, but remained <6 nm. Figure 4 shows the cross section analysis of typical nano-sized droplets that were found on the Si films. The density of the droplets with diameters <0.5 µm were determined from an area of 5 × 5 µm 2 by using AFM, and the densities of the larger droplets were obtained from SEM images with 500× magnification from an area of 15.4 × 22.8 µm 2 . The size distribution of the droplets for samples deposited at 3 J/cm 2 on Si at different wavelength is shown in Fig. 5 . Overall, the densities of micron and nano-sized droplets increased when the laser wavelength increased. Most droplets were <0.5 µm and large droplet of >1 µm was not detected for the film deposited using 248 nm. The effect of laser fluence at 1064 nm is shown in Fig. 6 . The density of droplets <0.5 µm using 1064 nm decreased with increasing laser fluence as compared to other laser wavelengths, due to the fact that removal of the materials at high laser fluence for 1064 nm was dominated by ejection of large micron size droplets. The origin of large micron-sized droplets is often related to the liquid phase expulsion and explosive boiling at elevated fluence [21, 22] . Figure 7 shows the target surface after film deposition at 6 J/cm 2 . The ablated area on the target for 1064 nm was distinctly different from the others, several crack lines were present. Recent theoretical and experimental studies of wavelength dependence studies in phase explosion of Si gave a threshold irradiance of 10 10 and 10 11 W/cm 2 for 266 nm and 523 nm laser [23] . As our energy was still far below these threshold and the droplets were mostly <3 µm at wavelength shorter that 1064 nm, the large droplets in our case maybe due to hydrodynamic instability or roughening of the target surface upon multiple irradiations. For 1064 nm ablation, a crude estimate gave a laser penetration depth of 10 −3 cm, such that the laser en-ergy will be deposited into a larger volume as compared to the other wavelengths. Subsequently, material removal might include a large number of melt crystalline droplets and less ionized species. Since lower fraction of ejected materials in the plasma plume was then responsible for the growth of amorphous film, the resultant films were thinner than those grown at other laser wavelengths. Shockwave and recoil pressure for such a deposition condition are unlikely so thermal stresses by repeated heating and cooling may instead be responsible for the crack line.
In all the films, the size of the droplets was rarely below 30 nm diameter although the mean height could be down to 1-2 nm. The diameters, although larger than those obtained in ps laser deposition in vacuum, increase in size with laser fluence for all laser wavelengths, as in the case of using [13] . The formation of these nano-sized droplets is believed to be different from those grown in various background gases with a size of 1-10 nm; here the formation was related to plasma plume confinement from the background/buffer gas that enhanced collision and promoted aggregate formation [24] . In addition, the process should be different from fs laser ablation of Si in vacuum, where the formation is related to the sudden expansion upon laser irradiation instead of condensation in gas phase [16] . The other possibility is that the nano-sized droplets were partly produced by disintegrating of the large droplets via laser plasma interaction, which was less likely for ps and fs and short laser wavelength deposition.
Summary
We have presented results of Si deposition at different laser wavelengths and fluences by PLD. Amorphous Si films and droplets of 20 nm to 5 µm were deposited at 248 nm, 355 nm, 532 nm and 1064 nm laser wavelengths. Amorphous Si films were grown from the ionized species of the laser-ablated plasma plume, while large micron-sized crystalline Si droplets were most likely originated from the process of liquid phase expulsion; mainly for high fluence, long laser wavelength deposition. Smaller droplets of 20 nm to 500 nm coexisted in the films deposited at all laser wavelengths and fluences in this work.
